Opiate dependence and withdrawal have long been hypothesized to enhance the reinforcing effects of opiates; however, opiate agonist self-administration in these states has yet to be systematically assessed. To address this issue, the reinforcing property of the short-acting -opioid agonist, remifentanil, was assessed in morphine-dependent (MD), morphine-dependent and -withdrawn (MW), and nondependent, control (C) rats. Dependence was established by twice daily administration of increasing doses of morphine for 4 days (10, 20, 30, and 40 mg/kg s.c.) and then maintained with a daily injection of the large dose. Morphine deprivation-induced withdrawal (defined by weight loss and hyperalgesia) was apparent 24, but not 12, h after morphine treatment. Remifentanil self-administration (0.4, 0.8, 1.6, 3.2, or 6.4 g/kg/infusion) was assessed over 20 successive, daily, 1-h sessions, either 12 or 24 h after the maintenance dose of morphine. Compared with the control group, the MD group demonstrated suppressed remifentanil self-administration, whereas the MW group exhibited enhanced responding for every dose of remifentanil. The increased responding observed in the MW group compared with the control and MD groups resulted in an upward shift in the remifentanil dose-response curve, an effect that was expressed only after repeated exposure to the contingency, demonstrating that morphine withdrawal ultimately enhances the reinforcing effects of remifentanil.
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-Opiate agonists are abused by humans, are reinforcing in nonhuman primates and rodents, and can produce physiologic dependence upon repeated administration. The withdrawal syndrome that occurs upon termination of chronic drug taking and/or administration is reportedly aversive and is alleviated by further opiate administration. Although the reinforcing effects of opiates have been clearly established in the absence of observable dependence (for review, see Woods and Schuster, 1971) , some have hypothesized that continued opioid abuse and development of opiate addiction is primarily because of the termination of the aversive withdrawal state (e.g., Solomon and Corbit, 1974; Koob and Le Moal, 2001; Colpaert et al., 2006 ). An alternative and conceptually appealing notion is to argue that withdrawal enhances the positive-reinforcing effects of -opioid agonists, with repeated exposure to opiate self-administration in the presence of the withdrawn state to be vital to the observable enhancement (Hutcheson et al., 2001 ).
Although evidence exists that dependence enhances opiate self-administration, the conditions under which the reinforcing effects of opioids change in the withdrawn state have not been explored extensively. Variables that potentially affect the observed enhancement include strength of dependence, withdrawal state, and reinforcement history in the presence of these states. To assess directly the extent to which these variables contribute to the observed enhancement, opiatemaintained responding in dependent (experimental) and nondependent (control) subjects was compared in situations in which the state of dependence and consequent withdrawal was "held constant" during acquisition and maintenance of opiate self-administration.
One challenge that faces such an investigation is to reduce the impact of the opioid self-administration on the level of dependence in both the dependent and control groups. Dependence has been reported to occur with the selfadministration of long-acting agonists, e.g., heroin or morphine (Woods et al., 1973; Naruse and Asami, 1987; Dai et al., 1989; Kenny et al., 2006) , high doses of agonists (Dai et al., 1989) , and under extended access conditions Kenny et al., 2006) in both rodents and nonhuman primates. Thus, acquisition of opioid self-administration occurs in a nondependent state but continues into a "developing" dependent state. The effect of self-induced dependence can be reduced markedly by limiting access to the opioid and/or by using a very short-acting opioid (Dai et al., 1989; Kenny et al., 2006) . Remifentanil, a fast-and short-acting -opioid agonist, is reinforcing in rodents (Panlilio and Schindler, 2000; Panlilio et al., 2003) and monkeys (Ko et al., 2002; Woods and Winger, 2002; Winger et al., 2006) and is hypothesized to not induce dependence because of its short duration of action (t 1/2 of 42 s when administered i.v. in the rat; Haidar et al., 1997) . Remifentanil is thus an interesting reinforcer to use when investigating differences in opiate-maintained responding in dependent versus nondependent subjects.
Understanding how opiate self-administration changes as a function of dependence, deprivation, and reinforcement history in the presence of these states requires multiple exposures to the contingency. Given the evidence that repeated exposure to both -opioid agonist administration (Bläsig et al., 1973; Bhargava, 1977) and antagonist-precipitated morphine withdrawal (Harris et al., 2004) increases the apparent strength of dependence and withdrawal severity, the possibility that the strength of dependence would not be maintained across observation periods (i.e., self-administration sessions) in the currently described study was a concern. Thus, it was important to develop and characterize a morphine dosing regimen that maintained a stable level of opiate dependence while allowing for repeated behavioral observations during the deprived state.
To determine the effects of opiate dependence on the reinforcing effects of remifentanil, dependence was initiated using an intermittent, noncontingent morphine dosing paradigm previously shown to produce dependence in the rat (Houshyar et al., 2003) . After 4 days of twice daily administration of escalating doses of morphine, dependence was maintained for 20 days by single daily injections of morphine. Behavioral and physiologic markers of deprivation, including hyperalgesia (Kayan et al., 1971; Tilson et al., 1973) , decreased exploration (Schulteis et al., 1998; Espejo et al., 2001) , and weight loss (Gellert and Holtzman, 1978; Houshyar et al., 2001 Houshyar et al., , 2003 , were assessed 12 and 24 h after morphine administration. These measures were used to verify dependence, to estimate the time after the morphine injections at which withdrawal occurred, and to assess the severity of withdrawal over many episodes.
Effects of morphine dependence on remifentanil self-administration were assessed under morphine-dependent, nondeprived (MD) and withdrawn (MW) conditions by investigating responding maintained by a range of doses of remifentanil (0.4, 0.8, 1.6, 3.2, or 6.4 g/kg/infusion; each dose studied in a separate group of rats) over 20 daily sessions and compared with self-administration behavior of a nondependent, control (C) group. Thus, remifentanil self-administration was assessed as a function of dependence and deprivation, dose of remifentanil, and reinforcement history (i.e., session number).
Materials and Methods

Drugs
Morphine sulfate (National Institute on Drug Abuse, Rockville, MD) was dissolved in saline and administered s.c. in a volume of 1 ml/kg. Remifentanil hydrochloride was purchased as Ultiva (GlaxoSmithKline, Uxbridge, Middlesex, UK) from the University of Michigan Hospital pharmacy and was diluted in sterile water and i.v. self-administered in a volume of 100 l/kg. Acetic acid was diluted in sterile water and administered i.p. in a volume of 1 ml/kg.
Subjects
Male Sprague-Dawley rats weighing ϳ300 g before experimentation were maintained on a 12-h light/dark cycle with light on at 7:00 A.M. at an average temperature of 21°C. Standard laboratory chow and water were provided freely throughout the experiment. All studies were carried out in accordance with the Guide for Care and Use of Laboratory Animals as adopted by the National Institutes of Health. Experimental protocols were approved by the University of Michigan University Committee on the Use and Care of Animals.
Morphine Dosing Procedure and Evaluation of Dependence
One week after arrival, three groups of rats were treated with escalating doses of morphine twice daily every 12 h (Ϯ2 h) for 4 days (10, 20, 30 , and 40 mg/kg s.c. two times per day) a dosing regimen shown to establish dependence in rats (Houshyar et al., 2003) . The first group was evaluated for deprivation-induced withdrawal on the morning of the 5th day, 12 h after the final morphine injection. The second group was treated with an additional dose of 40 mg/kg morphine on the 5th morning, given saline (1 ml/kg s.c.) that evening, and observed on the 6th morning, 24 h after the final morphine injection. To determine whether strength of dependence changed as a function of repeated exposures to morphine deprivation, a third group of rats was treated identically to the first two groups; however, this group was maintained on a single A.M. injection of 40 mg/kg morphine and saline injection in the evening for an additional 20 days and was observed on the morning of the 25th day (24 h after the last morphine injection). An additional group of rats was treated with saline twice daily and observed on the morning of the 5th day, 12 h after the final saline injection.
Acetic Acid-Induced Writhing. To determine the time course of withdrawal after morphine treatment, acetic acid-induced writhing was monitored 12 h after morphine treatment on the 5th day of the morphine dosing regimen (n ϭ 5-6 for each acetic acid concentration), 24 h after morphine treatment on the 6th day of the dosing regimen (n ϭ 5-8 for each acetic acid concentration), and 24 h after morphine treatment on the 25th day of the dosing regimen (n ϭ 5-6 for each acetic acid concentration). The nondependent group was monitored for acetic acid-induced writhing 12 h after saline treatment on the 5th day of the dosing regimen (n ϭ 5-6 for each acetic acid concentration). Rats received injections i.p. with acetic acid (0, 0.32, 1.0, or 3.2% in a volume of 1 ml/kg) and placed in an observation chamber. Vocalizations during injections were recorded. Writhes, characterized as abdominal stretching (for reference, see Giamberardino et al., 1995) , were observed 15 min after acetic acid treatment for 30 min. Number of writhes and total time spent writhing (measured to the 10th of a second using a stopwatch) during the observation period were recorded. Rears during the session were also counted.
Weight Change. Weight change was determined from rats that were used for the self-administration studies. Every 12 h (Ϯ2 h), rats were weighed before injections (either saline or morphine). Rats were given morphine as described above, with two groups receiving escalating doses of morphine twice daily for 4 days. On the 5th day, one group was given saline in the morning and the highest dose of morphine (40 mg/kg) in the evening for 20 days. The second group continued to receive the highest dose of morphine (40 mg/kg) in the mornings and saline in the evenings for 21 days. The last group received saline every 12 h. Recorded weights from the experimental period (up to 26 days) were subtracted from baseline weights for individual rats. 
Downloaded from
Remifentanil Self-Administration Intravenous Catheterization. For long-term i.v. drug administration, rats were anesthetized with ketamine (100 mg/kg i.m.) and xylazine (10 mg/kg i.m.) and surgically implanted with i.v. catheters made of Micro-Renathane tubing (Braintree Scientific, Inc., Braintree, MA). In brief, a longitudinal incision was made on the inner leg, exposing the femoral vein. The catheter was inserted into the femoral vein and passed s.c. to an incision made between the shoulder blades. The tubing was connected to metal tubing attached to a metal back plate (Lomir Biomedical Inc., Malone, NY) that was secured s.c. where the metal tubing exited the skin (Baird et al., 2000) . Catheters were flushed daily with 0.5 ml (100 U/ml) of heparinized saline to maintain patency. After surgery, rats were singly housed and fed standard rat chow (Purina, St. Louis, MO) and water ad libitum.
After a 1-week recovery period, rats were treated with morphine (MD and MW groups) or saline (C group) as described previously. The MD group was allowed to self-administer remifentanil on the 5th day of the morphine dosing schedule, 12 Ϯ 2 h after the last morphine injection (n ϭ 6 per dose of remifentanil). Approximately 15 min after the experimental session, rats were weighed and received injections with saline. This group was treated with morphine (40 mg/kg) each evening, 12 Ϯ 2 h before the next session. The MW group first self-administered remifentanil on the 6th morning of the dosing schedule, 24 Ϯ 2 h after the last morphine injection (n ϭ 5-6 per dose of remifentanil). This group was treated with morphine (40 mg/kg) ϳ15 min after the self-administration session. Each evening, these rats were treated with saline. The nondependent group (n ϭ 6 per dose of remifentanil) was allowed to self-administer remifentanil beginning on the 5th morning, 12 h after a saline injection. Saline was then administered ϳ15 min after the session and each evening.
Self-Administration Apparatus. Drug was administered i.v. by attaching the i.v. catheter to a tether (MED Associates, St. Albans, VT) joined to a pneumatic syringe (IITC, Woodland Hills, CA) by a swivel (Instech Laboratories Inc., Plymouth Meeting, PA) held in place by a counter-balanced arm (MED Associates). The operant chamber (12.0-inch length ϫ 9.5-inch width ϫ 8.25-inch height; MED Associates) was placed in a sound-attenuating cubicle and equipped with a single nose poke (2.5 cm; MED Associates) located 6 cm above the stainless steel grid floor. The aperture was bisected by an infrared photo beam that, when broken, sent an output signal to the computer. Response-contingent drug was delivered in a volume of 35 l over 0.1 s.
Self-Administration Procedure. Remifentanil administration was contingent upon a fixed-ratio 1, no time-out schedule of reinforcement, a schedule that has been shown previously to maintain remifentanil self-administration in rats (Panlilio and Schindler, 2000) . The beginning of the 60-min session was signaled by illumination of the house light, and infusions were signaled by illumination of lights in and above the nose poke. Rats were allowed to self-administer a single dose of remifentanil (0.4, 0.8, 1.6, 3.2, or 6.4 g/kg/infusion) for 20 daily sessions. Some rats were not able to complete the study because of loss of catheter patency or illness, and data from these rats were omitted.
Data Analysis. To determine differences in acetic acid-induced writhing behavior (number of writhes and duration), a two-way ANOVA was used to assess main effects of morphine treatment and concentration of acetic acid. Differences according to concentration were assessed using Bonferroni's post hoc analysis. Vocalizations and rearing were analyzed similarly. Changes in weight from baseline were averaged, and S.E.M. values were derived for control, MD, and MW groups. A two-way ANOVA with Bonferroni's post hoc analysis was used to determine the main effects of morphine dependence and time on weight change.
Average responses (with S.E.M.) for each treatment condition (MD, MW, and C) for each dose of remifentanil were determined according to self-administration session and dose of remifentanil. To determine the interactions and main effects of treatment condition, remifentanil dose, and session number on responding, a repeatedmeasures multivariate analysis of variance was applied determining significant effects with Pillai's Trace (Coombs et al., 1996) . Bonferroni's post hoc analyses were implemented to determine at what remifentanil dose, session, and treatment group differences occurred. To assess the main effects of remifentanil dose and treatment condition on remifentanil self-administration and intake during the final (20th) session, a two-way ANOVA with Bonferroni's post hoc analysis was implemented (SPSS 14.0; SPSS Inc., Chicago IL).
To assess how dose-response functions changed across sessions, individual dose-response curves for remifentanil self-administration were constructed for each session (1-20) for each treatment condition (MD, MW, and C). Areas under the curve (GraphPad Prism; GraphPad Software Inc., San Diego, CA) for each dose-response curve (session ϫ deprivation condition) were calculated. A repeated-measures two-way ANOVA, using the Greenhouse-Geiser correction for within-subject analysis, and Bonferroni's post hoc analysis were then implemented to determine main effects of deprivation and session number on area under the curve.
Quarter-life, time to complete the first 25% of responses, was evaluated to determine differences between the control and MW groups in pattern of intrasession responding. This measure reflects consistency of self-injection responding through individual sessions. For each rat, latency to make the first response was subtracted from the time it took to complete 25% of the total responses (x) and from the total session time (y). Quarter-life was then calculated as x/y and then averaged, according to dose of remifentanil and dependence condition.
Results
Characterizing Morphine Dependence and Deprivation
No differences in writhing behavior, vocalization, or rearing were apparent in the two MW groups (1st and 20th episodes); therefore, the data for these groups were pooled for statistical purposes. Data from the two groups are noted in Tables 1 and 2 .
Acetic Acid-Induced Writhing: Total Writhes and Duration of Writhes. Number of writhes increased with increasing concentration of acid [F(3,82) ϭ 24.7, p Յ 0.001] (Table 1) Table 2 ). The control group reared more than both the MD and MW groups (p Յ 0.001), demonstrating decreased exploratory behavior in both dependent groups.
Weight Change. Over the 20 experimental sessions, body weight continued to increase in the control group, whereas weight fluctuated in groups treated with morphine (Fig. 1) . Weight loss was observed 12 to 24 h after the maintenance dose of morphine, and weight gain occurred 0 to 12 h after morphine treatment. The net effect was that control rats gained 77.5 Ϯ 10.2 g over the 20 experimental sessions, whereas the dependent rats did not (0.8 Ϯ 8.7 g). Thus, the morphine dosing regimen produced a daily weight change, which fluctuated according to the time morphine was administered, and a longer term effect that resulted in an overall, cumulative weight deficit.
To determine whether robust remifentanil self-administration affected weight gain in the control group, weights were compared between the control group allowed to self-administer a dose that maintained robust responding (0.8 g/kg/ infusion) and the control group allowed to self-administer a dose of remifentanil that maintained insignificant self-administration (0.4 g/kg, results discussed in the following section) (Fig. 1) . After the 20th session, no significant difference in weight was apparent between the control groups that were allowed to respond for 0.4 g/kg/infusion (68.8 Ϯ 8.2 g) and control rats responding for 0.8 g/kg/infusion (82.7 Ϯ 15.0 g), demonstrating that robust remifentanil self-administration of 0.8 g/kg had no effect on weight gain.
Effects of Morphine Dependence and Deprivation on Remifentanil Self-Administration
Overall Effects of Session Number, Remifentanil Dose, and Treatment Group on Remifentanil Self-Administration. Univariate analysis revealed main effects of session number [F(19,51) ϭ 9.8, p Յ 0.001], remifentanil dose [F(4,69) ϭ 7.7, p Յ 0.001], and treatment condition [F(2,69) ϭ 13.6, p Յ 0.001] (Fig. 2) . Remifentanil self-administration was also observed to vary as a function of the two-way interactions between session and remifentanil dose [F(76,216) jpet.aspetjournals.org groups, and the MD group responded less than the control group (p Յ 0.05). The lowest dose of remifentanil self-administered by the MW group (0.4 g/kg/infusion) did not maintain responding for the first 10 sessions; however, some responding was maintained during the final 10 sessions. This dose of remifentanil maintained no responding in the control group (Fig. 2a) . The lowest dose of remifentanil that maintained responding in the control group (0.8 g/kg/infusion) did not maintain responding in the MD group but maintained robust responding in the MW group. Responding seemed to plateau by the 9th session for the control group, with some variability across sessions, whereas responding observed in the MW group was variable throughout the 20 sessions, ultimately resulting in twice as much responding as observed in the control group (193.5 Ϯ 51.3 versus 89.0 Ϯ 27.2 responses) (Fig. 2b) . This increase in responding across the 20 sessions was observed for all doses tested in the MW group (1.6 g/kg/infusion, 88.0 Ϯ 18.0 versus 188.8 Ϯ 38 responses; 3.2 g/kg/infusion, 134.6 Ϯ 45.6 versus 242.0 Ϯ 53.6 responses; 6.4 g/kg/infusion 55.0 Ϯ 17.8 versus 95.3 Ϯ 13.3 responses). The MD group exhibited suppressed responding compared with the control and MW group for the two highest doses of remifentanil tested on the 10th session (3.2 g/kg/infusion, 45.0 Ϯ 15.1; 6.4 g/kg/infusion, 20.3 Ϯ 13.7). However, similar to the MW group, response output continued to increase across the 20 sessions until self-administration did not significantly differ from the control group on the 20th session (3.2 g/kg/ infusion, 92.8 Ϯ 40.6; 6.4 g/kg/infusion, 38.8 Ϯ 17.9) (Fig. 2,  d and e).
Self-Administration and Intake among Dependent and Control Groups on the Final Session.
Responding for remifentanil during the final (20th) session was dependent upon dose of remifentanil [F(4,69) ϭ 9.7, p Յ 0.001] and treatment condition [F(2,69) ϭ 17.1, p Յ 0.001] (Fig. 3a) . The remifentanil dose-response curve had an inverted U shape, with the smallest and largest doses maintaining less behavior and intermediate doses maintaining greater amounts of behavior. Overall, the MW group exhibited increased responding compared with the control (p Յ 0.001) and MD (p Յ 0.001) groups. Although not statistically reliable, the MD group responded somewhat less than the control group at lower doses of remifentanil; additionally, the lowest dose of remifentanil that maintained responding in control rats (0.8 g/kg/infusion) failed to reinforce responding in the MD group.
Remifentanil intake during the last sessions was dependent upon remifentanil dose [F(4,69) ϭ 20.0, p Յ 0.001] and (Fig. 3b) . Intake of remifentanil was greatest in the MW group compared with the control (p Յ 0.001) and MD (p Յ 0.001) groups. Remifentanil intake in the MW group was greater than twice the intake of the control group for 0.4 (15.0 Ϯ 11.0 versus 0.3 Ϯ 0.1 g/kg), 0.8 (154.8 Ϯ 41.1 versus 71.2 Ϯ 21.8 g/kg), and 3.2 (774.4 Ϯ 171.7 versus 296 Ϯ 42.2 g/kg) g/kg/infusion and more than twice the intake of the MD group for all doses.
General Analysis of Intersession Changes in Behavior. Analyzing dose-response functions for each treatment group for each session according to AUC collapsed the data presented in Fig. 2 , and depicted dose-dependent responding for each treatment group according to session (Fig. 4) . Within-subject analysis revealed dose-dependent responding to change as a function of session [F(5,68) ϭ 26.0, p Յ 0.001] and an interaction between treatment condition and session number [F(9,68) ϭ 3.9, p Յ 0.001]. Between-subject analysis revealed responding to also be a function of treatment condition [F(2,15) ϭ 10.9, p Յ 0.001]. For all groups, AUC increased with session; however, this effect differed according to treatment condition. AUC derived from the control group was greater than the area generated from the MD group. The control and MW groups demonstrated equivalent AUC until the 15th session, when the groups diverged as the AUC for the MW group continued to increase, whereas the AUC for the C group remained constant, reflecting overall increases in responding throughout the 20 sessions in the MW group but not in the C group.
Intrasession Responding. Quarter-life reflects general intrasession response patterns and indicates whether responding is linear throughout the session. To further understand the nature of the differences in responding observed between the MW and control rats, quarter-life was determined for 0.8 and 3.2 g/kg/infusion remifentanil, two doses that maintained significantly different responding between the two groups, and a dose that engendered similar responding between the two groups (6.4 g/kg/infusion). Latencies to emit the first response were nearly equivalent between the two groups and doses of remifentanil, ranging between 2.5 and 3.5 min. These long latencies were unexpected given that the three doses of remifentanil maintained responding that exceeded 60 responses/h in both treatment groups. However, the long latency to first response may indicate impaired recall of the operant response and may be explained within the framework of state-dependent memory retrieval (Bruins Slot and Colpaert, 1999a,b) . Quarter-life varied as a function of treatment condition [F(1,27) ϭ 20.0, p Յ 0.001] but not dose of remifentanil. Control rats emitted the first quarter of total responses in almost one fifth of the total session time, whereas the MW rats required over 33% of the session to emit the first quarter of the responses for the lowest dose of remifentanil (0.8 g/kg/infusion) and slightly more than 25% of the session for the two higher doses. Disregarding initiation of responding at the beginning of the session, linear responding throughout the session is suggested by a quarterlife of 25%. The modest deviation from 25% observed in both groups indicates that both exhibited a nonlinear response pattern, and the difference in quarter-life between the two groups demonstrates differences in response pattern. Thus, negatively accelerated responding was observed in the control group and positively accelerated responding in the deprived group. These data demonstrate that although robust intersession patterns of responding differed between the control and MW groups, the pattern of intrasession responding between the two groups varied only slightly. 
Discussion
Opiate dependence and withdrawal has long been thought to enhance opiate self-administration in humans, monkeys, and rats (e.g., Spragg, 1940; Thompson and Schuster, 1964; Weeks and Collins, 1964; Nichols, 1968; Dole, 1972; Solomon and Corbit, 1974; Koob and Le Moal, 2001) . However, opiate self-administration has never been systematically compared in both dependent and nondependent organisms. In the present study, remifentanil self-administration was compared in morphine-dependent, morphine-dependent and -deprived, and nondependent rats. Dose-dependent remifentanil self-administration was observed under all conditions. However, compared with nondependent conditions, morphine dependence in the absence of deprivation suppressed remifentanil responding, whereas morphine deprivation enhanced remifentanil self-administration for all doses tested, a robust effect that emerged only after several sessions. These findings provide evidence that morphine deprivation-induced withdrawal increases the reinforcing properties of remifentanil, with self-administration history being an integral component of this effect.
Characterization of Morphine Dependence and Deprivation. The morphine dosing regimen devised for the present study is the first to be characterized to rapidly initiate and maintain dependence while allowing for repeated observation of the effects of deprivation-induced withdrawal. After initiation of morphine dependence, indications of withdrawal were observed at 24 h after morphine administration. These indicators of withdrawal included hyperalgesia, vocalizations, changes in exploratory behavior, and weight loss. They are in accordance with previous reports of both morphine deprivation-and antagonist-induced withdrawal in rats (Kayan et al., 1971; Tilson et al., 1973; Gellert and Holtzman, 1978; Schulteis et al., 1998; Espejo et al., 2001; Houshyar et al., 2001 Houshyar et al., , 2003 .
Morphine deprivation-induced withdrawal was apparent 24, but not 12, h after morphine treatment as evidenced by an enhanced writhing response to acetic acid. The total number of acetic acid-induced writhes was limited by the duration of writhes, such that higher, presumably more noxious concentrations of acetic acid produced longer, more sustained writhes than lower concentrations that produced more writhes of shorter durations. Although both dependent groups exhibited significantly fewer writhes than the control group for some concentrations of acetic acid, the MW group demonstrated a significantly greater duration of writhing compared with the control group, indicating that although fewer number of writhes were observed, this group remained in the writhing posture for a greater portion of the observation period than the control group. Furthermore, the MW group also exhibited increased vocalizations during acetic acid injections compared with the other groups, providing further evidence of hyperalgesia and morphine deprivationinduced withdrawal 24 h after morphine treatment. The MD group exhibited a fewer number of writhes and shorter duration of writhing during the observation period than the control group, demonstrating that morphine retained some analgesic effectiveness 12 h after its administration. This observed analgesia was expected because the half-life of s.c. administered morphine is reported to be 5 h in the rat (Mullis et al., 1979) . Thus, a little less than 10 mg/kg remained in the circulation 12 h after a 40 mg/kg treatment, a concentration that is reported to exceed morphine's antinociceptive ED 50 to a variety of noxious stimuli (Morgan et al., 2006) . These findings may reflect the bidirectional first and second order effects of opioid signal transduction (e.g., Colpaert, 1996) . The analgesia observed in the MD group reflects morphine's direct activation of the opioid receptor (the first order effect), whereas the hyperalgesia observed in the MW group demonstrates the second order effect that is of the opposite direction of the initial response after direct activation (Colpaert, 1996; Bruins Slot and Colpaert, 1999c; Bruins Slot et al., 2002; Colpaert et al., 2006) .
Although previous findings have demonstrated increased withdrawal severity after multiple exposures to antagonistinduced opiate withdrawal (Harris et al., 2004) , intensity of the deprivation syndrome, as indicated by acetic acid writhing measures of hyperalgesia, remained unchanged from the 1st through 20th deprivation episodes. The earlier findings may indicate an increasing sensitivity to repeated administration of the opioid antagonist rather than a general increase in withdrawal severity. Furthermore, the earlier study assessed potentiation of acoustic startle responding as a function of repeated antagonist-precipitated withdrawal. Exposure to anxiogenic and stressful stimuli increases acoustic startle reflex, suggesting that startle behavior may be an additional, interesting endpoint to determine the "affective" effects of drug withdrawal (Fendt and Mucha, 2001 ). Thus, increases in acoustic startle may represent a behavioral characteristic of withdrawal that is distinct from deprivationinduced hyperalgesia. Furthermore, it is possible that startle behavior is a more sensitive measure of behavior compared with the acetic acid-induced writhing and is therefore able to detect subtle variations in withdrawal severity.
Both dependent groups (MD and MW) lost or gained very little weight across sessions, indicating that dependence was maintained throughout the experiment. Control groups consistently gained weight throughout the experiment, despite differences in daily intake of remifentanil, indicating, by this measure, that opiate dependence did not develop in the rats that did not receive morphine.
Weights of the dependent groups fluctuated over each 24-h period, such that weight loss was observed 24 h after morphine treatment, and weight was regained 12 h after morphine treatment. It is interesting to note that weight gain above baseline values was observed in the MD group 12 h after morphine treatment, an effect that was not observed in the MW group. This difference may be because the MD group received morphine at the beginning of the dark cycle, when normal feeding occurs. The MW group received morphine in the early part of the light cycle so that maximal morphine deprivation occurred during the dark, active cycle for these rats. Because withdrawal has been shown to suppress feeding behavior (Langerman et al., 2001) , overall caloric intake may have been compromised because withdrawal was attenuated only during the light cycle, when food intake is usually minimal.
Effects of Morphine Dependence and Deprivation on Remifentanil Self-Administration: Remifentanil SelfAdministration as a Function of Operant History. Dose-dependent remifentanil self-administration was observed in the three groups of rats (control, MD, and MW). It should be noted that initiation of remifentanil self-adminis-tration was rapid and did not require behavioral shaping or operant experience with nondrug reinforcers (e.g., food), which are commonly used aids for initiation of self-administration. In this respect, remifentanil is a novel reinforcer and can be exploited in cases where the lack of other reinforcement exposure is important.
Responding for remifentanil varied as a function of remifentanil dose, session, and state of dependence. The contribution of these three factors is reflected in the 0.8 g/kg/infusion-maintained responding in the control and MW groups, but not in the MD group. Responding for this dose of remifentanil in the control group did not vary much after the 10th session, whereas behavior continued to increase throughout the 20 sessions in the MW group, ultimately resulting in greater self-administration than the control group. This effect was also observed for 3.2 g/kg/infusion, a dose of remifentanil that was an effective reinforcer in all groups. It is interesting to note that 0.4 g/kg/ infusion, a dose of remifentanil that failed to maintain responding in the control group, did not maintain behavior in the MW group over the first 10 sessions. However, after the 10th session, some behavior was generated and maintained subsequently in MW rats, clearly demonstrating that morphine deprivation increased the sensitivity to the reinforcing effects of remifentanil.
Remifentanil-reinforced behavior, as assessed in this study, was complexly determined as a function of a three-way interaction among treatment group (MD, MW, and C), remifentanil dose, and operant history (session number). Area under the curve analysis allowed for the interaction between operant history and treatment condition to be more clearly delineated. In the control group, remifentanil-maintained behavior and, therefore, AUC values, did not vary much after the 10th session. The MD group initially exhibited lower rates of self-administration compared with the control group and, therefore, generated smaller AUCs for the majority of the sessions. However, with repeated exposures to the contingency, responding increased for all doses except for the lowest two tested and thus resulted in similar AUC values for the two groups for the final session. The gradual enhancement of the reinforcing effects of remifentanil that ultimately resulted in an upward shift in the dose-response function in the MW group compared with the C group is reflected in the difference in AUC between the two groups observed over the last five sessions.
Establishing to what degree the extended morphine history and multiple exposures to the contingency affected operant responding would be helpful in understanding why increased responding was observed in the deprived group over time. The increases in remifentanil self-administration observed under deprived conditions may be directly related to changes in the negative-reinforcing properties (withdrawal-reducing effects) of the drug. The increased intersession responding exhibited by the morphine-deprived group was independent of any observable changes in withdrawal intensity as measured by acetic acid-induced writhing. However, it is possible that although the hyperalgesia assay detected the presence or absence of morphine withdrawal, it may have lacked the sensitivity to distinguish subtle differences in withdrawal magnitude induced by withdrawal. Subtle increases in withdrawal severity not detected by changes in acetic acid-induced writhing may be hypothesized to enhance the negative-reinforcing properties remifentanil, resulting in increased remifentanil self-administration (Colpaert et al., 2006) . Regardless of changes in withdrawal severity, the enhanced responding observed across the 20 sessions may be because of the acquisition ("learning") of the operant response in relation to the negative-reinforcing properties of the drug.
Although withdrawal did not seem to vary in intensity across time, it is likely that prolonged noncontingent morphine-exposure produced a variety of possible receptor adaptations such as changes in -receptor density (Viganò et al., 2003) , function (Sim-Selley et al., 2000) , and changes in the opioid signaling transduction system, including modification of regulatory proteins (G i ␣ and G␤␥) and effector molecules (adenylyl cyclase) (for review, see Gintzler and Chakrabarti, 2006) . Therefore, molecular changes produced by prolonged morphine exposure should be considered when interpreting the shift in the remifentanil self-administration dose-effect curve observed under deprivation conditions.
Decreased remifentanil self-administration observed in the MD group was probably because of prolonged direct (motorsuppressing) effects of morphine. The presence of morphine's antinociceptive effects 12 h after administration as demonstrated by a suppressed writhing response to acetic acid indicated that morphine retained some of its behavioral effects at this time point. The observed decrease in operant behavior is consistent with previous findings demonstrating opiate suppression of opiate-reinforced responding in rodents and nonhuman primates (Woods et al., 1973; Mello and Mendelson, 1985; Young, 1986; Winger et al., 1992; Winger and Woods, 2001; Negus and Mello, 2002; Stevenson et al., 2003) . Although this provides a plausible explanation for why the MD group exhibited low response rates compared with the control and MW groups, it is unknown whether the time courses for the antinociceptive and response-suppressing effects of morphine are identical. An alternative explanation for the decreased self-administration observed in the MD group may be the decreased sensitivity to the discriminative stimulus effects of remifentanil because of the presence of behaviorally active morphine levels. However, the behavioral effects that morphine exerted on self-administration behavior were overridden with the highest dose of remifentanil tested (6.4 g/kg/infusion). In addition, decreased self-administration compared with the control group was observed for the majority of the sessions; however, by the 20th session, behavior approximated that of the control group, with the exception of the lowest dose of remifentanil, which maintained responding in the control group (0.8 g/kg/infusion). Thus, the pattern of increased intersession responding may reflect behavioral tolerance to the effects of morphine over time.
Effects of Morphine Dependence and Deprivation on Remifentanil Self-Administration: Implications of Withdrawal-Induced Increases in Remifentanil Self-Administration. Morphine deprivation ultimately enhanced rates of remifentanil-maintained responding and increased intake of remifentanil compared with the nondependent and nondeprived conditions. This increase was dose-dependent and yielded an upward shift of the remifentanil dose-response curve. The fact that morphine deprivation increased remifentanil-maintained responding on both the ascending and descending limbs of the remifentanil dose-effect curve raises some interesting issues. Behavior on the ascending limb of the doseeffect curve is thought to be controlled by the reinforcing effects jpet.aspetjournals.org of the drug, whereas the descending limb is thought to be controlled both by the reinforcing and response-suppressing effects of the self-administered drug (for review, see Zernig et al., 2004) . A leftward shift in the entire remifentanil dose-effect curve would imply sensitization to both the reinforcing effects (smaller doses) and rate-suppressing effects (larger doses) of remifentanil. A rightward shift would suggest tolerance to both of these effects. Therefore, the present findings suggest that opiate deprivation increases sensitivity to remifentanil's reinforcing effects, exemplified by behavior maintained by 0.4 g/ kg/infusion only in the MW group while decreasing the drug's rate-suppressing effects, as represented by increased rates of responding maintained by 6.4 g/kg/infusion in the MW compared with the control group.
Withdrawal-induced changes in remifentanil self-administration are similar to the upward shift in cocaine self-administration observed when rats are exposed to long-access conditions (Ahmed and Koob, 1998) . Increased intake of methamphetamine and heroin (Ahmed et al., 2000; Kenny et al., 2006 ) also have been observed under these conditions. This effect has been described previously as being indicative of the transition from normal reinforced behavior to a state of excessive drug-taking behavior and has been identified as a potential animal model of "addiction" (Ahmed and Koob, 1998) . Individual differences among animals demonstrated by vertical shifts in the self-administration dose-response curve for cocaine are also suggested to be predictive of a behavioral phenotype with increased proclivity to drug addiction (Piazza et al., 2000) .
The current findings demonstrate that opiate deprivationinduced withdrawal increases opiate self-administration in the rat. However, these conclusions are limited to the reinforcing effects of remifentanil under a fixed ratio 1 schedule of reinforcement. Direct drug effects are prominent under simple schedules of reinforcement (Seiden and Dykstra, 1977) . Therefore, the increase in behavior observed in the MW group may be due in part to tolerance to the responsesuppressing effects in addition to an increase in the reinforcing effects of remifentanil. Furthermore, speculating whether operant behavior is maintained by the positive-or negative-reinforcing effects of remifentanil is difficult under this contingency. In addition, investigating how opiate deprivation affects behavior maintained by multiple classes of stimuli (e.g., cocaine, alcohol, nicotine, and food) would clarify whether the increased self-administration behavior observed with remifentanil under deprivation conditions is selective. Finally, determining whether deprivation alters the choice of opiate agonist when other reinforcers are available would verify changes in the relative reinforcing value of opiates because of deprivation, an effect that has been established in dependent monkeys preferring heroin to food under some conditions (Negus, 2006 ).
Conclusion
The current findings are the first to demonstrate increases in opiate-reinforced responding as a function of well defined and well characterized repeated opioid deprivation compared with nondeprived and control conditions. These increases were obtained across a range of self-administered doses of remifentanil comprising both the ascending and descending limbs of the dose-reinforcer relationship. The behavior was derived from experimental groups that had been exposed to identical operant training and experimenter handling, as opposed to other models that have reported increased drug self-administration after manipulation of drug history. This between-subject design prevents some covariates that may arise from differences in operant history and prior exposure to various reinforcers (or doses). The conclusions derived from these studies enhance the understanding of the consequences of dependence and withdrawal on opioid-reinforced behavior. Opiate deprivation-induced enhancement of remifentanil self-administration provides a model of excessive drug self-administration that warrants further studies to elucidate the contributing variables that mediate the development and expression of this behavior.
